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Abstract

One of the critical questions for geologic CO; storage is how long should a storage site be monitored after the
injection is stopped. A storage site operator is required to demonstrate that the storage site is evolving towards long-
term stability and the injected CO2 as well as reservoir pressure do not pose any threat including to the groundwater.
Migration and evolution of injected CO, plume depend on site-specific geologic structure, storage reservoir properties
as well as operational conditions. While injected CO, plume may continue to evolve after injection is stopped, its
dynamic evolution does not directly imply imminent leakage risk. Leakage risks depend on multiple factors including
not only CO; presence but also reservoir pressure and the characteristics of potential leakage pathways. We performed
a modeling based study to evaluate the relationship between post-injection plume migration and leakage risks. Our
hypothetical case study is based on the Rock Springs Uplift in southwestern Wyoming in USA. We used a numerical
model to perform multiple sets of reservoir simulations each with 29 equi-probable realizations of reservoir
permeability heterogeneity, simulating different injection scenarios. We applied newly developed moment-based
plume mobility metrics to characterize the migration and evolution of injected CO, plume. The plume mobility metrics
provided detailed analyses of the effect of reservoir permeability heterogeneity and CO injection rate on spatial and
dynamic evolution of CO; and overpressure plume. Next, we assessed the potential leakage risks using the integrated
assessment modelling approach developed by US DOE’s National Risk Assessment Partnership (NRAP). The
combined leakage risk assessment and plume mobility analyses results indicate that lack of CO, plume stability (or
non-zero plume mobility) may not directly imply groundwater aquifer endangerment and the leakage risks are
dependent on multiple factors, including presence of wells and their locations and types.

This paper is a condensed version of a peer-reviewed paper by Pawar et al [1] published in the International
Journal of Greenhouse Gas Control.

Keywords: : PISC; Plume Stability; Post-injection leakage risks

1. Introduction

The US-EPA regulations for Class VI wells for geologic CO, storage (GCS) require a site to be monitored after the

* Corresponding author. Tel.: +1-505-665-6929, E-mail address: rajesh@lanl.gov
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injection is stopped until it can be successfully demonstrated that the underground sources of drinking water (USDW)
within the vicinity are no longer under threat from injected CO; or in-situ pressures. While the default post-injection
site care (PISC) period is 50 years, a GCS site operator can request an alternate time frame if non-endangerment of
groundwater can be successfully demonstrated [2]. This requires utilizing the monitoring observations coupled with
predicted rates of CO, plume migration and predicted time frame for the cessation of migration [3]. Multiple modelling
studies and a few field tests demonstrate that evolution of CO, plume and pressure front at a GCS site are strongly
influenced by site-specific geologic complexity and operational conditions during the injection phase as well as after
the injection is stopped [4, 5, 6, 7, 8, 9, 10]. The magnitude of overpressure in the reservoir, overpressure area,
maximum pressure and the rates at which the pressure increases (during injection) and decreases (after injection is
stopped) depend on the geologic structure, heterogeneity in permeability, sand continuity, in-situ hydrologic
conditions, fluid properties, injection rate and injection duration. Similar to pressure, the site-specific parameters and
operational conditions mentioned above as well as topography affect the spatial extent of free-phase CO, plume and
its migration during the injection and post-injection phases. Site-specific geologic complexity can lead to complex
CO; plume evolution [11]. Effective characterization of CO, and pressure plume require metrics that can effectively
capture its important characteristics, such as the location of the centroid of plume mass, the primary direction in which
the plume spreads, the amount of spreading in the primary and secondary directions [12]. These metrics provide
information that can be used to assess whether evolution and migration of CO, plume can potentially lead to
endangerment of groundwater. Endangerment of groundwater from CO; during the post-injection phase ultimately
depends on whether the mobile, free-phase CO, encounters a leakage pathway and if the combination of reservoir
pressure and buoyancy of CO is sufficient to push it through the leakage pathway into the USDW. A systematic risk
assessment can help to quantify the groundwater endangerment risks and determine monitoring requirements to
manage and mitigate them. US-DOE’s National Risk Assessment Partnership (NRAP) has developed an Integrated
Assessment Modeling (IAM) approach for quantifying environmental risks due to leakage at GCS sites [13]. The [AM
approach takes into consideration dynamic evolution of CO, saturation and pressure in the storage reservoirs over the
lifetime of a GCS site and predicts potential migration of CO, and brine into groundwater aquifer through different
leakage pathways and resulting impacts. This study is focused on assessing whether demonstration of plume stability
is necessary to demonstrate non-endangerment of groundwater. We use a modeling based approach that includes
numerical simulations of CO; injection at a geologically complex storage site, computation of various metrics that
characterize evolution of CO, plume and pressure front in the reservoir during and after CO, injection, quantification
of risk to groundwater due to leakage and assessment of correlation between migration of CO, plume and leakage
risks.

2. Reservoir Simulation of CO: Injection and Post-injection Behavior

We use a numerical reservoir model based on the Rock Springs Uplift (RSU), a doubly dipping anticline, in
southwestern Wyoming [14]. The primary storage reservoirs at RSU include the Weber sandstone and Madison
limestone with structural trapping provided by the overlying Phosphoria and Chugwater formations, all of which dip
at 4°, primarily in the southwest to northeast direction. A geologic model for the site has been developed using site-
specific geologic data, including wellbore density logs and neutron porosity logs. The main geological formations are
further subdivided into high, medium and low permeability sub-regions based on the permeability values derived from
combined core and log analyses. To provide uncertainty bounds on reservoir pressure and saturation changes we
developed 29 equally-likely realizations of heterogeneous permeability using a geostatiscial approach described by
Deng et al [15].

We simulated multiple scenarios of CO, injection by varying the injection rate (0.1, 1, 5 Mt/yr), injection duration
(3, 10 years), post-injection duration (upto 90 years) and boundary conditions (closed and open). We assume that the
injection rate constraint is honoured irrespective of injection pressure (i.e. no maximum injection pressure limit). We
used two different model domain sizes, namely 16 km x 16 km and 100 km x 100 km. We performed 29 reservoir
simulation runs (using 29 permeability realizations) for each injection scenario and each model domain. To get
additional details about the scenarios and numerical model setup as well as all the results related to this work the
reader is referred to Pawar et al [1]. Here we discuss some of the results for the smaller model (16 km x 16 km).
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2.1. Plume mobility metrics
The results discussed here are for the injection scenario with 1 MT/yr injection for 10 years followed by a 90 year
post-injection period and open lateral boundaries (fixed pressure boundary condition). We computed various plume
metrics developed by Harp et al [12] to characterize the reservoir pressure and CO; saturation plumes using the
simulation results for each of the 29 permeability realizations. The computed plume metrics included 1) area of
reservoir over which the overpressure exceeded a critical overpressure value (overpressure plume area), 2) area of
reservoir over which the CO, saturation was non-zero (CO; plume), 3) the rate of change of overpressure plume area,
4) the rate of change of CO, plume area, 5) the location of centroid of CO, plume in the reservoir, 6) the velocity (x
& y components) of the centroid of CO; plume, 7) the primary and secondary directions of CO, plume spreading, 8)
the rate of spreading of CO; plume in the primary and secondary directions. To compute the metrics related to
overpressure plume we first estimated the critical overpressure value using site-specific parameters and one of the
approaches suggested by US-EPA [16]. The EPA recommended approach defines critical overpressure as the
magnitude of pressure increase needed to lift the in-situ brine through a hypothetical open borehole into an overlying
USDW. For our study area the critical overpressure was estimated to be 1.18 MPa. Fig. 1 shows the plots of time-
dependent areas of overpressure and CO; plumes. The plots show mean values computed from the 29 simulation runs

corresponding to 29 permeability realizations.
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Fig.1. Time-dependent areas of overpressure and CO, plume in the storage reservoir.

The size of the area of overpressure is significantly larger than that of CO, plume. It takes some time after the
injection is stopped before the pressure in the reservoir starts to relax and the area of overpressure starts to decrease.
Unlike the area of overpressure, the area for CO, plume reaches a maximum and remains nearly constant. A constant
CO; plume area does not necessarily imply that injected CO, plume stops moving but as will be discussed later it
continues to migrate and evolve. We have not simulated dissolution of CO, in in-situ brine and reaction of CO»-
dissolved brine with reservoir rocks. If these processes were taken into account the CO, plume area will also decrease
with time. It is widely expected in the GCS research community that there will be difference in the areas of
overpressure and CO, plume in most storage reservoirs. The magnitude of difference between the two as well as which

of the two will be higher will depend on the site-specific geologic parameters and site operational conditions. This
overall concept of different overpressure and CO» plume areas has been used to propose a tiered Area of Review

(AoR) approach by Birkholzer et al [17]. The tiered AoR approach can reduce the cost of pre-injection site

characterization as well as monitoring during and after injection.

Fig. 2 shows the trend in migration of CO, plume over time using the locations of CO, plume centroid over 100
years. The centroid locations at different times including, after 1 year of injection, 9 years of injection (one year before
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Fig.2. CO, plume centroid locations over time. Red circle corresponds to centroid location after 1 year, yellow circle corresponds to centroid
location after 9 years while the green circle corresponds to centroid location after 0 years. The red arrow indicates centroid movement during
early time while the black arrow indicates movement during later time including post-injection period.

injection stops) and 90 years after the injection is stopped are highlighted in the figure. The plume centroid locations
demonstrate the effect of 4° reservoir dip (in SW-NE direction) on evolution of injected CO, plume. During injection
phase the migration of plume centroid is a result of the combined effect of reservoir geologic complexity and pressure
drive imposed by injection while during the post-injection phase the pressure drive is reduced as pressure relaxes and
free-phase CO, migration is mainly controlled by the reservoir geology and buoyancy of mobile CO,. In addition to
the locations of plume centroid we also compute velocity of plume centroid to get an estimate of plume migration.
The x and y directional components of CO, plume centroid velocity over time are plotted on Fig. 3.
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Fig.3. The mean directional velocity of CO, plume centroid over time computed from 29 simulation runs.

The maximum magnitude of plume centroid velocity reaches 4 meters/year and decreases to < 1 meter/yr before
reducing to zero during post-injection phase. At this rate the plume centroid (hence, majority of injected CO>) is not
expected to migrate a significant distance. The effect of reservoir slope on CO, migration can be seen through dynamic
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velocity trends. The velocities are negative [movement is occurring in the negative x (west) and y (south) directions]
through the combined injection and post-injection phases. The magnitude of velocity increases through the injection
phase and reaches a maximum at the end of injection demonstrating influence of injection pressure and the reservoir
dip. The non-zero centroid velocity during post-injection phase demonstrates CO, plume movement under the
influence of reservoir dip (through buoyancy) while the variations in velocity magnitude as well as the relative velocity
magnitudes in the x and y directions demonstrate the influence of permeability heterogeneity on CO, plume migration.
The risk assessment process needs to take into consideration not only migration of CO, plume but also how the plume
occupies areal space in the reservoir. The shape of injected CO, plume and its spreading can be complex depending
on reservoir geologic complexity. To characterize the evolution of CO, plume shape we compute two metrics, the
primary and secondary directions in which the plume spreads and the rate of plume spreading in the primary and
secondary directions. Fig. 4 shows the plots of time-dependent variation in the mean primary and secondary directions
in which the CO» plume spreads. During injection phase the CO, plume grows in a complex manner where the primary
and secondary directions in which the plume spreads vary with time but during the post-injection phase the primary
spreading occurs in the general direction of the reservoir dip.
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Fig. 4. Time-dependent variation in the primary and secondary directions of plume spreading. Plots show mean values computed from 29

simulation runs. Zero degree direction coincides with +ve x direction.

The rate of plume spreading is computed as the time derivative of the plume spreading metric and is plotted on Fig.
5. The rate increases with time until it reaches a maximum value which happens before the injection is stopped (unlike
the plume area shown in Fig. 1). The decrease in CO plume spreading rate does not mean that plume is not spreading
as more CO; is being introduced. As more CO is being introduced in the system it occupies more reservoir pore
volume but the rate at which newly injected CO, occupies pore volume eventually reaches a plateau and starts to
decrease as the occupied volume increases. The time at which this happens is dependent on site-specific geologic
conditions (porosity, thickness and permeability). The overall trend of decreasing rate of CO, plume spreading with
time is also observed in plume centroid velocity and rate of change in the plume area over time. This is an important
observation for predicting long-term plume evolution as well as migration behaviour with implications on duration of
post-injection monitoring deployment. If the monitoring observations consistently indicate that plume area is constant
while plume centroid velocity and plume spreading rate are decreasing, the long-term trend will imply that the plume
may be becoming less mobile. The observed time dependent behaviour can then be used to project CO, plume
movement up to where metrics such as plume centroid velocity and plume spreading rate will reach zero (or become
negative) and these estimates can subsequently be used to determine the post injection site care duration.
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Fig. 5. Time-dependent variation in the rates of plume spreading in the primary and secondary directions. Plots show mean values computed from
29 simulation runs.

2.2. Influence of geologic heterogeneity and operational parameters

The effect of permeability heterogeneity and uncertainty is demonstrated by plotting the mean, maximum and
minimum values computed over 29 realizations on Fig. 6 (overpressure area) and Fig. 7 (CO; plume area). While the
figures show variability in plume areas across the ensemble, the general trend in each plume’s time-dependent
behaviour remains across the ensemble. Fig. 6 shows that the uncertainty in permeability can affect both the maximum
overpressure area (which has implications on AoR estimates) as well as predicted time at which the reservoir pressure
falls below the critical overpressure threshold (which has implications of PISC duration). Similarly, Fig. 7 shows the
variability in the maximum CO; plume area and the time at which the plume area reaches the maximum value. Overall,
all the CO;, plume areas show similar time-dependent trend over 29 permeability realization.

As mentioned earlier, we simulated multiple injection scenarios by varying injection rate and injection duration and
for each injection scenario we performed 29 different simulation runs sampling the 29 permeability distributions. The
ensemble mean of the plume metrics computed from the simulation results were used to assess the influence of
injection conditions. Figures 8 & 9 show the effect of injection rate on the overpressure area, CO, plume area and
their respective time derivatives. While the overall trends in the plume areas and their derivative remain the same,
their magnitudes are directly affected by injection rate. The size of both plume areas and the magnitude of time
derivatives increase with the injection rate. It takes longer for the time derivative to reach zero for higher injection
rates particularly, for the derivative of CO, plume area. The non-zero overpressure area at 100 years for the highest
injection rate (5 MT/yr) implies that it takes longer than 100 years for the overpressure to go to zero.

Above results demonstrate the complexities in the dynamic evolution of CO; and overpressure plumes and the
impact of geologic complexity as well as operational conditions on their evolution.

3. Integrated Assessment Modeling for Leakage Risk Assessment

In order to understand potential relationship between injected CO» and overpressure plumes and leakage risks to
groundwater aquifer, we applied NRAP’s Integrated Assessment Model (NRAP-IAM-CS, 13) to the RSU site to
perform hypothetical leakage simulations. The site-specific IAM model included a storage reservoir, a (hypothetical)
legacy well and a shallow groundwater aquifer. It is important to note that there are no legacy wells within the RSU
domain considered in our study and its use in our model is solely for demonstration. For shallow groundwater aquifer
we used the properties of the Rocksprings aquifer [18]. In order to assess the effect of spatial evolution of reservoir
pressure and CO; saturation on leakage risks, we simulated multiple scenarios by varying locations (Fig. 10) and
integrity of the hypothetical legacy.

To assess the effect of wellbore integrity we simulated three different well type scenarios, namely, an open well
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Fig. 7. Variability in CO, plume area for ensemble simulations with 29 permeability realizations.

(worst possible leakage scenario), cemented well with 50 Darcy cement permeability and cemented well with 1 Darcy
cement permeability. Note that, all of the cases we simulated represent scenarios with wells with poor integrity
(damaged cement). Overall we simulated 18 different scenarios through combinations of legacy well locations (6
locations) and well types (3 types) for each of the injection scenarios mentioned earlier. NRAP-IAM-CS uses reduced
order models to simulate CO, migration through different components of the integrated model and its impact. For the
storage reservoir, a look-up table approach is used where results of numerical simulations of CO, injection as well as
post-injection are used to generate look-up tables containing time-dependent values of CO, saturation and pressure in
the storage reservoir. These values are subsequently used during the IAM simulation run to compute leakage through
a legacy well by an internal reduced-order-model for wellbore leakage. For each injection scenario we performed a
NRAP-IAM-CS Monte-Carlo simulation utilizing results of 29 different reservoir simulation runs. Each of the IAM
run simulated GCS site performance over 100 years which included a 10 years injection phase followed by a 90 years
post-injection phase. The IAM simulation results included predicted leak rates of CO, and brine into a groundwater
aquifer and the impact of CO, and brine leakage on the groundwater aquifer in terms of changes in pH and
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Fig. 9. The CO, plume area and its time-derivative for 3 different injection rates at same total injection duration.

concentration of total dissolved solids (TDS). NRAP-IAM-CS model computes the pH impact as the volume of
groundwater where pH drops below 6.6 and TDS impact as the volume where TDS increases above 1300 ppm. Given
that our interest is to assess risks to groundwater aquifer, we only discuss the potential for impacts of CO, and/or brine
leakage into it. The plot on Fig. 11 shows potential of pH impact noted by the occurrence or absence of impact using
a bar chart, where a bar with non-zero height notes impact and lack of height notes no-impact. The bars are plotted as
a function of distance of the (hypothetical) legacy well from the injection, well types (open well, cemented well with
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Fig. 10. A schematic diagram showing hypothetical well locations used for leakage risk assessment (the contours show the boundaries of injected
CO; plume at different times for an example injection simulation run and the black dots represent hypothetical well locations).

50 Darcy cement permeability and cemented well with 1 Darcy cement permeability) and injection rates (0.1 Mt/yr,
1 Mt/yr & 5 Mt/yr).

Fig. 11 shows that a pH impact on the groundwater is only possible if there is an open wellbore within 2 km of the
injector. For wells with cement as high 50 Darcy permeability there is no pH impact. Similar to the pH impact on
Fig.11, the potential for TDS impact due to leakage is plotted using a bar chart on Fig. 12. Unlike the pH impact
results, leakage from cemented wellbore with 50 Darcy permeability results in TDS impact for the two higher injection
rates (1 & 5 million tons/yr) but the potential for impact exists if the well is located within 500 meters from the
injection well for injection rate 1 Mt/yr and 2 km for injection rate SMt/yr. On the other hand, leakage through an
open well located anywhere within the reservoir leads to TDS impact for the two higher injection rates.

Fig. 13 shows the time at which pH impact due to CO; leakage is observed in groundwater aquifer. The results
demonstrate that the timing is affected by injection rate, wellbore type as well as wellbore location. For our site specific
parameters wells with a cement permeability of 50 Darcy or below do not result in any pH impact. For the open well,
the time of impact changes with injection rate and varies inversely with rate.

The results above show that leakage risks are non-existent for wellbores with cement permeability below 1 Darcy
and mostly non-existent for wellbores with cement permeability of 50 Darcy except for high injection rates. The
reported values of cement permeability based on a few field measurements to date are between 0.01 to 5 mili Darcy
[19, 20, 21], which are well below the lowest permeability used in our study. Given that the CO, and brine leak rates
are inversely proportional to wellbore cement permeability, the leak rates and resulting impacts to groundwater
aquifers for permeability lower than 1 Darcy will be much lower than the ones reported in our study or even non-
existent.

4. Summary

Our study results demonstrate that the geologic complexity at a GCS site and site operational parameters affect the
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Fig. 11. Plot showing pH impact due to CO, leakage into groundwater aquifer from wells of 3 well types as a function of distance of the well
from the injector. The plot shows results for 3 different CO, injection rates.
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Fig. 12. Plot showing TDS impact due to CO, leakage into groundwater aquifer from wells of 3 well types as a function of distance of the well
from the injector. The plot shows results for 3 different CO, injection rates.
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Fig. 13. Plot showing the time to pH impact due to CO, leakage into groundwater aquifer from wells of 3 well types as a function of distance of
the well from the injector.

evolution and migration of injected CO, and reservoir pressure. The plume areas for critical overpressure (change in
reservoir pressure over initial reservoir pressure exceeding critical pressure) and CO; plume can differ significantly
and the magnitude of difference will depend on the geologic complexity as well as injection rate. The time dependent
behaviour and difference in the overpressure and CO; plume areas can be used to support time-dependent AoRs. The
characteristics of time-dependent behaviour of these plume areas and different plume metrics can be used to determine
post-injection monitoring strategy.

Our leakage risk assessment demonstrates that the leakage risks are primarily affected by wellbore type and
locations. The metrics used to quantify dynamic CO, plume evolution show that the plume continues to evolve during
the post-injection phase but in spite of plume evolution the risk to the groundwater aquifer due to CO, leakage in the
form of pH impact is non-existent and exists only for an extremely conservative scenario of an open wellbore located
in an area smaller than the CO, plume area. Similarly, the overpressure in the reservoir remains above critical
overpressure for a considerable time during post-injection phase but leakage risk quantification results show that the
risks to a groundwater aquifer due to leakage of CO» and brine in the form of TDS impact is present for an extremely
conservative scenario of an open wellbore and are virtually non-existent for cemented wellbores except for cement
permeability of 50 Darcy but over a limited distance away from the injector. Both of these results effectively
demonstrate that in spite of evolution of reservoir pressure and CO; saturation in the storage reservoir during the post-
injection phase, the risks to groundwater aquifer due to leakage primarily depend on locations and type of wells present
at the site. Our results also demonstrate that continued evolution of reservoir conditions during the post-injection phase
does not necessarily imply endangerment of groundwater aquifer. Risk assessment coupled with numerical predictions
can facilitate demonstration of non-endangerment in spite of lack of stability of injected CO, plume and continued
evolution of reservoir pressure which in turn can help justify alternate post-injection monitoring time period compared
to the default post-injection site care timeframe.
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